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The central domain of the 200-kDa Lassa virus L protein is a putative RNA-dependent RNA polymerase. N-
and C-terminal domains may harbor enzymatic functions important for viral mRNA synthesis, including
capping enzymes or cap-snatching endoribonucleases. In the present study, we have employed a large-scale
mutagenesis approach to map functionally relevant residues in these regions. The main targets were acidic
(Asp and Glu) and basic residues (Lys and Arg) known to form catalytic and binding sites of capping enzymes
and endoribonucleases. A total of 149 different mutants were generated and tested in the Lassa virus replicon
system. Nearly 25% of evolutionarily highly conserved acidic and basic side chains were dispensable for
function of L protein in the replicon context. The vast majority of the remaining mutants had defects in both
transcription and replication. Seven residues (Asp-89, Glu-102, Asp-119, Lys-122, Asp-129, Glu-180, and
Arg-185) were selectively important for mRNA synthesis. The phenotype was particularly pronounced for
Asp-89, Glu-102, and Asp-129, which were indispensable for transcription but could be replaced by a variety
of amino acid residues without affecting genome replication. Bioinformatics disclosed the remote similarity of
this region to type IIs endonucleases. The mutagenesis was complemented by experiments with the RNA
polymerase II inhibitor a-amanitin, demonstrating dependence of viral transcription from the cellular mRNA
pool. In conclusion, this paper describes an N-terminal region in L protein being important for mnRNA, but not
genome synthesis. Bioinformatics and cell biological experiments lend support to the hypothesis that this

region could be part of a cap-snatching enzyme.

Lassa virus is a segmented negative-strand RNA virus of the
family Arenaviridae. 1t belongs to the Old World complex of
the arenaviruses, which also includes the prototype virus of the
family, lymphocytic choriomeningitis virus (LCMYV). Lassa vi-
rus is endemic in large areas of West Africa, where its natural
reservoir host, the rodent Mastomys natalensis (25, 38), is prev-
alent. Transmission of the virus to humans causes Lassa fever,
a hemorrhagic fever that is estimated to affect some 100,000
people annually (32). Human-to-human transmission may give
rise to nosocomial epidemics with high case fatality rates (7).
Currently, no vaccine exists for use in humans. Specific treat-
ment is limited to ribavirin, a broad-spectrum nucleoside an-
alogue, which is mainly effective during the first days of illness
(31).

The arenavirus genome consists of two single-stranded RNA
segments, each containing two genes in opposite directions, a
coding strategy called “ambisense” (1). The S RNA segment
encodes the nucleoprotein (NP) and the glycoprotein precur-
sor. The L RNA encodes the small matrix protein Z (41, 45)
and the 200-kDa protein L (44). The minimal viral frans-acting
factors required for replication and transcription of the ge-
nome are NP and L protein (17, 26, 28). L protein mediates the
synthesis of two RNA species: mRNA terminating in the in-
tergenic region and noncapped genomic or antigenomic RNA
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representing a full-length copy of the genome (10, 35). The
central domain of the protein from amino acid residues 1000 to
1500 harbors the RNA-dependent RNA polymerase (RdRp)
(8, 11, 19, 29, 47). Enzymatic functions residing in the N ter-
minus and C terminus of the L protein are unknown. Neither
biochemical assays nor three-dimensional structures are cur-
rently available for the L protein or any of its domains.

Arenaviral mRNA contains 4 to 5 nontemplated nucleo-
tides, including the cap at 5" end (35, 42, 43). It is believed that
this oligonucleotide is cleaved off from 5’ end of cellular
mRNAs by a virus-encoded endonuclease and serves as primer
for viral mRNA synthesis, a mechanism known as “cap snatch-
ing.” This mechanism is well established for influenza virus
(24), which also belongs to the group of segmented negative-
strand RNA viruses and shares principal features of the repli-
cation cycle with arenaviruses. Recently, the influenza virus
endonuclease has been identified in the N terminus of PA by
structural analysis and mutagenesis (4, 16, 50). It is well con-
ceivable that Lassa virus L protein also harbors an endonucle-
ase for cap snatching.

We have previously used large-scale mutagenesis to charac-
terize the Lassa virus RARp domain (19). In the present paper,
we have extended this approach to N terminus and C terminus
of the L protein. To identify residues important for mRNA
synthesis, including those forming the catalytic site of a puta-
tive endonuclease, all conserved acidic and basic amino acid
residues in the N terminus and C terminus were subjected to
mutagenesis. The functionality of the L gene mutants in RNA
synthesis and gene expression was studied in the context of the
Lassa virus replicon system (17). The mutagenesis experiments
were complemented by a set of experiments with the RNA
polymerase II (Pol II) inhibitor a-amanitin to explore the
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dependence of viral transcription from the cellular mRNA
level.

MATERIALS AND METHODS

Lassa virus replicon system. Plasmids pCITE-NP and pCITE-L expressing
Lassa virus NP and L protein under the control of a T7 RNA polymerase
promoter have been described previously (17). Minigenome (MG) plasmid
pLAS-MG contains the T7 promoter followed by a single additional G residue,
the 5" noncoding region, a chloramphenicol acetyltransferase (CAT) gene, an
intergenic region, a Renilla luciferase (Ren-Luc) gene in reverse orientation, and
the 3’ noncoding region (18). For transfection, the MG, including the T7 pro-
moter, was amplified for 25 cycles with Phusion DNA polymerase (Finnzymes),
3.3 ng of linearized pLAS-MG as a template, and vector-specific primer pUC-
fwd and primer LVS-3400" (CGCACAGTGGATCCTAGGCTATTGGA) to
generate a functional 3’ end. Amplified MG was purified by using a PCR
purification kit (Macherey & Nagel) and quantified spectrophotometrically.

Mutagenesis of the L gene. The functional cassette of pCITE-L (T7 RNA
polymerase promoter, internal ribosome entry site, and L gene) was amplified by
mutagenic PCR, and the resulting PCR products were used for transfection
without prior cloning as described previously (19). PCR was performed with
Phusion DNA polymerase (Finnzymes). First, two fragments were amplified for
30 cycles by using 10 ng of linearized pCITE-L as a template and primer
combination pUC-fwd/L-mut ™~ and L-mut™/pUC-rev, respectively. (L-mut~ was
reverse complementary to the corresponding L-mut* primer.) The sequences of
L-mut™ and L-mut® primers (1 = 302) can be obtained on request. PCR
products were gel purified and fused together in a second PCR containing
aliquots of both fragments as a template and primers pUC-fwd and pUC-rev. For
generation of hemagglutinin (HA)-tagged L gene PCR product, the pUC-rev
primer was replaced by primer L-HA-rev adding a C-terminal HA tag to the L
gene. Mutant L gene constructs were purified by using a PCR purification kit
(Macherey & Nagel) and quantified spectrophotometrically. The presence of the
artificial mutation was ascertained by sequencing the final PCR product. In each
mutagenesis PCR, the wild-type L gene and an inactive mutant with a mutation
in the catalytic site of the RARp were amplified in parallel using primers binding
to the L gene around amino acid position 1334. The wild-type and mutant PCR
products served as positive and negative controls, respectively, for the transfec-
tion experiment.

Transfections. BSR T7/5 cells (2) stably expressing T7 RNA polymerase were
grown in Glasgow’s minimal essential medium (GMEM; GIBCO) supplemented
with 5% fetal calf serum (FCS). Every second passage, 1 mg of Geneticin
(GIBCO) per ml of medium was added to the cells. One day before transfection,
BSR T7/5 cells were seeded at a density of 1 X 10° cells per well of a 24-well
plate. Transfections were performed with Lipofectamine 2000 (Invitrogen) at 3
wl/png of DNA in GMEM without FCS. BSR T7/5 cells in a well of a 24-well plate
were transfected with 250 ng of MG, 250 ng of L gene PCR product, 300 ng of
pCITE-NP, and 10 ng of pCITE-FF-luc (expression construct for firefly lucifer-
ase) as a transfection control. Medium was replaced 4 h after transfection by
fresh medium complemented with FCS. One day after transfection, total RNA
was prepared for Northern blotting or cells were lysed in 100 pl of passive lysis
buffer (Promega) per well, and 20 pl of the lysate was assayed for firefly lucif-
erase and Ren-Luc activity using the Promega dual-luciferase reporter assay
system as described by the manufacturer. Ren-Luc levels were first corrected
with the firefly luciferase levels (resulting in standardized relative light units
[SRLU]J) to compensate for differences in transfection efficiency or cell density.
Northern blot data were not corrected with firefly luciferase values as the tran-
scription/replication phenotype of mutants did not depend on the expression
level of the internal control (see Fig. S1A in the supplemental material).

To consider the full activity range of the replicon system, which covers 2 to 3
log units (17) and to render the data from different experiments comparable, the
SRLU values were log transformed and then normalized with respect to the wild
type (100%) and negative controls (0%) as follows: relative log activity =
(log[sRLU,,yant] — log[sRLU,.])/(log[sRLU,,,] — log[sRLU,.]), where “nc”
stands for negative control and “wt” stands for wild type. On average, four
(range, 2 to 10) independent transfection experiments were performed for each
mutant. The interexperimental variability was 9.2% relative log units (mean
standard deviation calculated with log activity values of 583 independent trans-
fections for 149 mutants). Depending on their log activity level, the mutants were
grouped into three classes: inactive mutants (<30% log activity; roughly corre-
sponding to 0.5 to 3% of the wild-type sRLU value), mutants with clearly
detectable but reduced activity (30% to 80% log activity; roughly corresponding
to 3 to 40% of the wild-type sSRLU value), and mutants with wild-type activity
(>80% log activity; roughly corresponding to 40 to 300% of the wild-type SRLU
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value). For a list of all mutants and raw data, see Table S1 in the supplemental
material.

Immunoblot analysis of L protein. BSR T7/5 were inoculated with modified
vaccinia virus Ankara expressing T7 RNA polymerase (MVA-T7) (46) at a
multiplicity of infection (MOI) of 5 for 1 h before transfection. Cells in two wells
of a 24-well plate were transfected with 1 pg of mutant or wild-type L gene
tagged with a HA sequence. They were harvested 24 h after transfection and
lysed in cytoplasmic lysis buffer containing Complete protease inhibitor mix
(Roche). Nuclei were pelleted by centrifugation, and the cytoplasmic lysate was
mixed with 4X NuPAGE LDS sample buffer (Invitrogen) and dithiothreitol
(DTT). Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), transferred to nitrocellulose membrane (Schlei-
cher & Schuell), and visualized by staining with Fast Green FCF (Roth) for 5
min. Membranes were blocked with 1X Roti-Block (Roth) overnight at room
temperature and then incubated with anti-HA (1:10,000 H-6908; Sigma-Aldrich)
in phosphate-buffered saline (PBS)-0.2X Roti-Block for 1 h at room tempera-
ture. After a washing step, blots were incubated with horseradish peroxidase-
coupled secondary antibodies (Dianova) for 1 h at room temperature. Protein
bands were visualized by chemiluminescence using SuperSignal West Pico or
Femto substrate (Pierce) and X-ray film (Kodak).

Northern blot analysis. Total RNA of transfected or infected cells was purified
by using TRIzol LS reagent (Invitrogen). RNA (5 to 10 wng) was separated in a
1.5% agarose—formaldehyde gel and transferred onto a Hybond N* membrane
(Amersham Pharmacia Biotech). Blots were prehybridized in 50% deionized
formamide—0.5% SDS-5X SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)-5X Denhardt’s solution for 1 h at 68°C. Hybridization was done in the
same buffer with an antisense 3°P-labeled riboprobe targeting the Ren-Luc gene
for detection of MG or the NP gene of Lassa or Mopeia virus for detection of
authentic virus RNA at 68°C for 16 h. Filters were washed several times, and
RNA bands were visualized by autoradiography using a PhosphorImager Ty-
phoon 9210 (Amersham Biosciences). Intensity profiles were generated for each
lane, and signals were quantified by using TINA software (Raytest, Strauben-
hardt, Germany).

Virus infection. Vero cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 5% fetal calf serum. One day before infection, cells
were seeded at a density of 3 X 10° cells per well of a 6-well plate. Cells were
inoculated with Lassa virus strain AV (14), Mopeia virus strain 21366 (48), or
vesicular stomatitis virus (VSV) strain Indiana at an MOI of 0.01 to 3 for 1 h.
Cells were washed with phosphate buffered saline (PBS), and fresh medium with
or without 10 pg/ml a-amanitin was added. Control cells were mock infected.
Infections with Lassa virus were carried out under biosafety level 4 conditions.

Infectious particles assay. Vero cells in 24-well plates were inoculated with 200
wl of serial 10-fold dilutions of supernatant from cells infected with VSV, Lassa
virus, or Mopeia virus. The inoculum was removed after 1 h and replaced by a
1% methylcellulose medium overlay. VSV particles were quantified by plaque
assay. After 1 day of incubation, cells were fixed with 4% formaldehyde, stained
with 1% crystal violet in methanol, and washed with water until plaques became
visible. Lassa and Mopeia virus particles were quantified by immunofocus assay.
After 5 days of incubation, cells were fixed with 4% formaldehyde, permeabilized
with 0.5% Triton X-100, blocked with 10% FCS, and washed. Infected cell foci
were detected by using Lassa and Mopeia virus NP-specific monoclonal antibod-
ies (21), peroxidase-labeled anti-mouse immunoglobulin G antibody (Jackson
ImmunoResearch), and 3,3',5,5'-tetramethylbenzidine (TMB). Titers are ex-
pressed as plaque (focus)-forming units (PFU) per milliliter.

Cell growth assay. Cell growth and viability under a-amanitin treatment were
determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazoliumbro-
mide (MTT) method. MTT solution (5 mg/ml in PBS) was added 1:3 to the
supernatant of cells. The cells were incubated for 90 min at 37°C. The superna-
tant was completely removed, and the cells were fixed with 4% formaldehyde for
20 min. Tetrazolium crystals in the cells were dissolved in 500 l isopropanol, and
the extinction was measured at 560 nm.

IP of mRNA. Total RNA was purified from Lassa virus-infected Vero cells 24 h
after infection by using TRIzol LS reagent, and mRNA was precipitated with a
mouse monoclonal antibody to cap structures containing 2,2,7-trimethyl-
guanosine (m3G-cap) or 7-monomethylguanosine (m’G-cap) (Synaptic Sys-
tems). RNA (15 pg) was dissolved in 250 wl IPPL buffer (150 mM NaCl, 10 mM
Tris [pH 7.5], 1 mM EDTA, 0.05% NP-40) supplemented with 1 mM DTT and
30 U RNasin. The m;G-cap/m’G-cap antibody (10 wl) was bound to protein
G-Sepharose beads (50 wl of a 50% suspension in 20% ethanol; Sigma) at 4°C
overnight with agitation. Antibody-coupled beads were washed three times with
ice-cold PBS and three times with ice-cold IPPL buffer, mixed with 250 ul
RNA-IPPL buffer solution, and incubated at 4°C for 8 h with agitation. After
centrifugation, supernatant was removed and the beads were washed three times
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FIG. 1. Alanine mutations introduced in Lassa virus L protein. The activity of the respective mutants in the replicon system as measured by
expression of Ren-Luc is indicated as follows: (i) white typeface on black background, inactive mutant; (ii) black typeface on gray background,
mutant with reduced activity; (iii) black typeface on white background, mutant with wild-type activity. (Upper panel) Asp, Glu, Lys, and Arg

mutants; (lower panel) Phe mutants. The localization of conserved domains L1 to L4 is shown at the bottom (47).

with ice-cold IPPL buffer. Fifty percent of the supernatant from the first immu-
noprecipitation (IP) was subjected to a second IP round after adding fresh DTT,
30 U RNasin, and antibody-coupled beads. Supernatant and bead pellet from the
first and second IP were supplemented with 20 pg carrier RNA (Qiagen), and
RNA was purified by using TRIzol LS reagent and analyzed by Northern blot-
ting. The fraction of precipitated RNA was calculated from the signal intensities
for NP mRNA and antigenomic RNA in precipitate and supernatant.

RESULTS

Alanine mutagenesis of conserved basic and acidic amino
acid residues. Lassa virus may essentially employ two strate-
gies for mRNA synthesis: expression of capping enzymes for
cap synthesis like VSV (39) or cap snatching from cellular
mRNA like influenza virus (24). Either of these functions may
reside in the N- and C-terminal parts of L protein. Cap snatch-
ing could involve endo- or exoribonucleases, while mRNA
capping would involve RNA triphosphatase, guanylyltrans-
ferase, and (guanine-7)-methyltransferase (9). Catalytic motifs
of virtually all superfamilies of ribonucleases are composed of
acidic and/or basic residues, namely, Asp, Glu, Lys, or Arg (36,
51). Likewise, these residues form the catalytic and binding
sites of mRNA capping enzymes (15, 27). Mutational and
structural studies indicate that Glu, Lys, and Phe are key res-
idues for cap binding by influenza virus PB2 (6, 13), while Asp,
Glu, and Lys are key residues for endonucleolytic cleavage by
influenza virus PA (4, 16, 50).

To identify regions in Lassa virus L protein that might
play a role in cap snatching or synthesis, all highly conserved
Asp (n = 18), Glu (n = 18), Lys (n = 22), Arg (n = 16), and
Phe (n = 19) residues outside of the RARp domain were
replaced by alanine and the mutants were tested in the repli-
con system (Fig. 1). Mutant L genes were generated by using a
previously described PCR-based mutagenesis technique that
circumvents cloning before transfection, facilitating analysis of

large numbers of mutants (19). In the initial screening exper-
iment, expression of the MG-carried reporter gene coding for
Renilla luciferase (Ren-Luc) was chosen as the readout. Activ-
ity of Ren-Luc reflects the level of mRNA synthesis by L
protein. Depending on the Ren-Luc level, the mutants were
grouped into three classes: inactive mutants, mutants with
clearly detectable but reduced activity, and mutants with wild-
type-like activity. (For a list of all mutants and corresponding
data generated in this paper, see Table S1 in the supplemental
material.) Alanine mutation of 31 (42%) of the charged resi-
dues led to complete loss of Ren-Luc expression, mutation of
25 (34%) sites led to an intermediate phenotype, and mutation
of 18 (24%) sites had no major influence (Fig. 1). No consid-
erable differences were seen between acidic or basic residues.
At three positions, Lys-334, Lys-555, and Lys-581, alanine mu-
tants were more active than the wild type (190 to 300% of
wild-type sRLU level; see the table in the supplemental mate-
rial). Only 3 of the 19 Phe mutants were inactive, while the
others showed reduced or full activity (Fig. 1). Immunoblot
analysis of all inactive L protein mutants demonstrates that
they are expressed in full length and lack of activity is not due
to reduced protein stability (Fig. 2). (Table S1 in the supple-
mental material provides links to easily localize a certain mu-
tant in the figure.) Residues important for Ren-Luc expression
were not clustered in one domain but are scattered throughout
the protein. In conclusion, the Ren-Luc data suggest that both
N- and C-terminal parts of the L protein are involved in
mRNA synthesis.

Selective impact of mutations on transcription and replica-
tion. The Lassa virus L protein mediates the synthesis of two
RNA species: first, capped mRNA terminating within the in-
tergenic region; second, uncapped antigenomic RNA being a
full-length copy of the genomic RNA template (10, 35). This
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FIG. 2. Immunoblot analysis of HA-tagged L protein mutants. BSR T7/5 cells were infected with MVA-T7 and transfected with PCR products
expressing L protein mutants containing a C-terminal HA tag. L protein in cytoplasmic lysate was separated by SDS-PAGE, blotted, and detected
with anti-HA antibody. A semiquantitative standard based on titration of lysate is shown in panel J. Negative (neg.) control cells were infected with

MVA-T7 but not transfected.

dual role in RNA synthesis is reproduced in the minireplicon
system. It is conceivable that L protein mutants with a defect in
mRNA synthesis (Ren-Luc-negative mutants) are still capable
of antigenome synthesis, or vice versa, Ren-Luc-positive mu-
tants may show a selective defect in antigenome synthesis. To
distinguish these phenotypes, L protein mutants were ex-
pressed in the context of the replicon system, and total cellular
RNA was prepared and subjected to Northern blotting (Fig. 3).
(Table S1 in the supplemental material provides links to easily
localize a certain mutant in the figure.) The first set included
all charged-to-alanine (» = 74) and Phe-to-alanine mutants
(n = 19) tested so far in the Ren-Luc assay (mutants 1 to 93 in
Table S1 in the supplemental material). The signal intensities
on the Northern blot were measured and used to calculate the
steady-state level of Ren-Luc mRNA in relation to that of
antigenomic RNA (Fig. 4). To render data from different ex-
periments comparable, the mRNA/antigenome ratio was nor-
malized with the wild-type data (see Fig. S2 in the supplemen-
tal material for details and examples). All mutants showing
wild-type activity in the luciferase assay expressed Ren-Luc
mRNA and antigenome in a ratio comparable to that of wild-
type L protein. RNA signals were present for some, but not all,
mutants with reduced Ren-Luc activity. Note that the lucifer-
ase assay is more sensitive than Northern blotting, and, thus,
mRNA of mutants with strongly reduced Ren-Luc activity may
not be detectable by Northern blotting (see Fig. S1B in the
supplemental material for a scatter plot of Ren-Luc activity
versus mRNA/antigenome ratio). Nearly all mutants with re-
duced Ren-Luc activity either expressed Ren-Luc mRNA and
antigenome in a ratio comparable to wild type or did not
express detectable amounts of both RNA species. However, six
mutants were found showing a clearly reduced mRNA level in
relation to the antigenomic RNA level (D89A, E102A, and
D129A mutants in Fig. 3A; D119A and K122A mutants in Fig.
3C and F; R185A mutant in Fig. 3G and Fig. 4, upper panel;
and see Fig. S2 in the supplemental material). This phenotype
was particularly pronounced for the two D89A and E102A
mutants, which were negative in Ren-Luc assay, while the
antigenomic RNA level was comparable to wild type. The
phenotype was similar for the D129A mutant, which expressed
antigenomic RNA at wild-type level in conjunction with a
strongly reduced, though still detectable, level of luciferase
(4% of the wild-type sRLU level). The phenotype was less

pronounced for the D119A (Ren-Luc-negative), K122A (8%
of wild-type sRLU level), and R185A (7% of wild-type sRLU
level) mutants. These mutants showed selective reduction in
the mRNA level coupled with an overall reduction in RNA
synthesis. This phenotype was reproducible in independent
transfection experiments.

To further substantiate the effect seen with the D89A,
E102A, and D129A mutants and to explore structural require-
ments with respect to the side chain at these positions, Asp-89,
Glu-102, and Asp-129 were replaced by a range of amino acid
residues of different chemical types (mutants 94 to 117 in Table
S1 in the supplemental material). Protein stability of all these
mutants was verified by immunoblot analysis (Fig. 2). Asp-89
was exchanged with Glu, Asn, Lys, Ser, Phe, Tyr, Leu, and Pro
(Fig. 3C and J; Fig. 4, lower panel). The D89F, D89Y, and
D89L mutants hardly expressed RNA, indicating that hydro-
phobic or large residues at position 89 are not tolerable for
overall activity of L protein. The remaining mutants clearly
expressed antigenome but showed a defect in mRNA synthesis.
The only mutant with residual Ren-Luc expression was DS89E
(6% of wild-type sRLU level); all others were completely de-
fective. Glu-102 was exchanged with Asp, Gln, Lys, Ser, Phe,
Tyr, Leu, and Pro (Fig. 3J and K; Fig. 4, lower panel). Minimal
Ren-Luc expression was only seen with the E102D and E102Q
mutants (5% of wild-type sRLU level). Antigenome synthesis
was compatible with all exchanges, except Pro. Asp-129 was
exchanged with Glu, Asn, Lys, Ser, Phe, Tyr, Leu, and Pro (Fig.
3K; Fig. 4, lower panel). The D129E mutant expressed Ren-
Luc close to the wild-type level (45% of wild-type sSRLU level);
the D129L mutant was completely defective, while the other
mutants expressed low levels of Ren-Luc similar to D129A
mutant. None of the exchanges interfered with antigenome
synthesis. In conclusion, Asp-89 and Glu-102 are indispensable
for mRNA expression but not relevant for antigenome synthe-
sis. Even changes to chemically closely related residues (D89E
and E102D) are associated with nearly complete loss of the
former function. Asp-129 may be replaced at least by Glu.
Other side chains strongly reduce mRNA expression, while
antigenome synthesis is not affected at all.

Since the initial screening indicated that residues between
positions 89 and 185 play a specific role in mRNA synthesis,
mutagenesis was extended to a further 32 residues in this
region (mutants no. 118 to 149 in Table S1 in the supplemental
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FIG. 3. Influence of L protein mutations on transcription and replication. RNA synthesized by L protein mutants in the context of the replicon
system was analyzed by Northern blotting. Antigenomic RNA and Ren-Luc mRNA were detected using a radiolabeled riboprobe hybridizing to
the Ren-Luc gene. The activity of the mutants in luciferase assay is indicated below the blot (—, inactive mutant; +, mutant with reduced activity;
+, mutant with wild-type activity). Mutations in L protein are indicated above the blot. Negative (neg.) control cells expressed minigenome, NP,
and an L protein mutant with a mutation in the catalytic site of the RdRp. The methylene blue-stained 28S rRNA is shown below the blots as a
marker for gel loading and RNA transfer. Each panel represents an independent transfection experiment.

material). Most of these residues are not conserved. Exchange
with alanine did not interfere with Ren-Luc expression in 16
(50%) mutants, 12 (38%) mutants showed reduced expression,
and only 4 (12%) mutants were completely defective. Protein

stability of the defective mutants was verified by immunoblot
analysis. Conserved positions tended to be more susceptible to
mutagenesis. To search for specific defects in transcription,
Northern blot analysis was performed for all mutants. Only
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FIG. 4. Level of Ren-Luc mRNA in relation to antigenome level. Signals on Northern blots in Fig. 3 were quantified via intensity profiles (for
details and examples, see Fig. S2 in the supplemental material). All mutants with detectable signals are shown. Those with significant reduction
of the mRNA/antigenome ratio compared to the wild type (<40%) are indicated by black bars. The wild-type mRNA/antigenome ratio was set
at 1 for each experiment to render independent blots comparable. Careful examination of the intensity profiles revealed residual signals at the
mRNA position (about 10% of the wild-type mRNA signal) for mutants completely negative in the Ren-Luc assay. These signals were not seen
in the negative control lanes. The precise nature of this RNA is not clear, as the luciferase data indicate that functional mRNA is not expressed.

one mutant (E180A; 13% of wild-type sSRLU level) showed a
phenotype similar to that of the D119A, K122A, and R185A
mutants, namely, selective reduction of the mRNA level asso-
ciated with overall suppression of RNA synthesis (Fig. 3F and
G; Fig. 4, lower panel; see Fig. S2 in the supplemental mate-
rial). Taken together, analysis of virus RNA species generated
by L protein mutants led to the identification of a region in the
N terminus of L protein (L1 domain) being important for
mRNA rather than antigenome synthesis. Residues involved in
this function are Asp-89, Glu-102, Asp-119, Lys-122, Asp-129,
Glu-180, and Arg-185. Acidic side chains at positions 89, 102,
and 129 are crucial for activity. Figure 5 summarizes the mu-
tagenesis data for the L1 domain.

Influence of host cell mRNA synthesis on arenavirus repli-
cation. The mutagenesis experiments facilitated mapping of
residues relevant for mRNA synthesis, but do not provide a
clue as to their precise role. It is conceivable that they are part
of capping enzymes or involved in cap snatching. If a virus uses
cap snatching, its multiplication is dependent on cellular
mRNA as a source for cap structures and, thus, should be

prone to inhibition by a-amanitin, a specific inhibitor of DNA-
dependent RNA polymerase II (Pol II) (3). This has been
shown for influenza virus (30) and the New World arenaviruses
Junin and Tacaribe (33, 34). To extend these data, Vero cells
were infected with Lassa virus or the closely related Mopeia
virus and treated with 10 wg/ml a-amanitin. Treatment re-
duced the virus titer in supernatant by about 2 log units, irre-
spective of inoculation dose or duration of infection (Table 1).
Microscopic evaluation of the cells revealed no evidence for
cytotoxicity of treatment, although the MTT test value was
reduced by 40%, indicating some cell growth inhibition. As a
control, cells were infected with VSV, which encodes its own
capping enzymes (39). As expected, no effect of a-amanitin on
VSV titer was observed (Table 1), although microscopy re-
vealed a strong cytopathic effect due to VSV replication.

If the antiarenaviral effect of a-amanitin is indeed via reduc-
tion of the pool of cellular mRNA available for cap snatching,
it should manifest in a selective reduction of virus transcripts.
To test this hypothesis, Vero cells were infected with Mopeia
virus at an MOI of 3 and treated with 10 pg/ml a-amanitin.
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FIG. 5. Amino acid sequence alignment of the N-terminal part of L protein (L1 domain) of Old and New World arenaviruses and summary
of the mutagenesis experiments. Positions subjected to mutagenesis are marked above the sequence. The data from Northern blotting are coded
as follows: (i) large inverted triangle, mutant with reduced mRNA expression but wild-type levels of antigenome; (ii) small inverted triangle, mutant
with selective reduction of the mRNA level associated with overall reduction of RNA synthesis; (iii) circle, mutant with wild-type mRNA/
antigenome ratio or no RNA signals at all. The Ren-Luc data are coded as follows: (i) black head, inactive mutant; (ii) gray head, mutant with
reduced activity; (iii) white head, mutant with wild-type activity. The predicted secondary structure of the domain is shown below the alignment.

Cells were harvested at 6-h intervals, total cellular RNA was
subjected to Northern blotting, and NP mRNA and anti-
genome were detected by using an NP gene-specific probe
(Fig. 6A). Quantitative evaluation of the RNA signals revealed
an increasing reduction in the level of mRNA relative to anti-
genome level up to a maximum of 60% after 24 h in treated
versus nontreated cells (Fig. 6B and C). These data were con-
firmed by analysis of Lassa virus RNA levels 24 h postinfection.
At all MOIs tested (0.01, 1, and 3), the level of mRNA was
specifically reduced relative to the antigenome level by about
60% in a-amanitin-treated cells (Fig. 6A and C). In conclusion,
depletion of host cell mRNAs by a-amanitin inhibits multipli-
cation of Lassa virus and Mopeia virus but not that of VSV,
known to express capping enzymes. The effect is associated
with selective reduction of viral mRNA synthesis.

TABLE 1. Effect of a-amanitin treatment on virus replication in
Vero cells

Mean % virus titer in

Duration of a-amanitin supernatant of treated

Virus MOI treatment (h treated cell
postinfection) Vs un(rrjr?gz) cells

Lassa 1 24 3.60 (2.20-5.00)

0.01 24 0.86 (0.71-1.00)

0.01 48 1.03 (0.85-1.22)

Mopeia 0.01 48 0.43 (0.37-0.49)
VSV 0.1 24 74.68 (74.36-75.00)

0.1 48 141.67 (133.33-150.00)

Determination of the fraction of capped viral RNA in cells
treated with a-amanitin. Based on the assumption that cellular
cap structures are required for viral transcripts, we wondered if
Lassa virus RNA produced in the presence of a-amanitin still
contains cap structures, or if L protein starts producing a larger
fraction of uncapped “mRNA.” Vero cells were infected with
Lassa virus at a MOI of 1 and treated with 10 pg/ml a-ama-
nitin. After 24 h, total cellular RNA was prepared and mRNA
was immunoprecipitated by using an antibody against m;G-
cap/m’G-cap structures. Precipitate and supernatant were sub-
jected to Northern blotting, and virus RNA was detected by
using an NP gene-specific probe (Fig. 7A). Analysis of an
aliquot of the total RNA used as starting material revealed that
the level of mRNA was specifically reduced relative to the
antigenome level by about 65% in a-amanitin-treated cells.
After two rounds of IP, about 85% of NP mRNA was precip-
itated from both treated and nontreated cells (Fig. 7B). Sur-
prisingly, a fraction of antigenomic RNA and 28S rRNA was
precipitated as well, which may be due to cross-reactivity of the
antibody. Neither virus RNA nor 285 rRNA was precipitated if
the antibody was omitted or an unrelated antibody was used
for the procedure. These data indicate that depletion of cellu-
lar mRNA pool does not lead to preferential synthesis of
uncapped “mRNA” by Lassa virus.

DISCUSSION

This paper describes the identification of an N-terminal re-
gion in Lassa virus L protein being important for mRNA, but
not antigenome, synthesis. Residues involved in this function
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FIG. 6. Effect of a-amanitin treatment on Lassa virus RNA syn-
thesis. (A) Northern blot analysis. Vero cells were infected with Mo-
peia virus at an MOI of 3 (left) or with Lassa virus at different MOIs
(right) and treated with 10 wg/ml a-amanitin or left untreated. Total
RNA was prepared from Mopeia virus-infected cells at the indicated
intervals and from Lassa virus-infected cells 24 h after infection and
subjected to Northern blotting. Hybridization was performed with a
32P-labeled antisense probe of NP gene. The methylene blue-stained
28S rRNA is shown below the blot as a semiquantitative marker for gel
loading and RNA transfer. (B) Representative intensity profiles from
Northern blot lanes in panel A used for quantification of signals.
(C) Quantitative evaluation of S RNA and NP mRNA steady-state
levels. Signals on the Northern blot were quantified via intensity pro-
files as shown in panel B, and the NP mRNA/S RNA ratio was calcu-
lated for a-amanitin-treated and untreated cells. The NP mRNA/S
RNA ratio in untreated cells was set at 100%. p.i., postinfection.

are Asp-89, Glu-102, Asp-119, Lys-122, Asp-129, Glu-180, and
Arg-185. Acidic side chains at positions 89, 102, and 129 are
crucial for activity. Depletion of host cell mRNAs by a-ama-
nitin inhibits multiplication of Lassa and Mopeia virus, and this
effect is associated with selective reduction of viral mRNA
synthesis.

The Lassa virus L protein plays a central role in replication
and transcription of the viral genome. It is presumably a mul-
tidomain protein harboring several enzymatic functions. Struc-
tural and biochemical evidence for any of these functions is still
missing. We have recently provided circumstantial evidence for
the presence of an RdRp domain in the central part of the
molecule by combining bioinformatics with large-scale mu-
tagenesis (19, 47). In the present paper, we have extended the
large-scale mutagenesis approach to the N terminus and C
terminus of the L protein. The main targets for mutagenesis
have been positively or negatively charged residues known to
be part of catalytic sites of capping enzymes or nucleases (15,
27, 36, 51). About 75% of all alanine mutants reduced or

CHARACTERIZATION OF LASSA VIRUS L PROTEIN 1941

A

o-amanitin: — + — =
IP antibody: anti-cap anti-cap none anti-Lassa NP
T PyS{PyS; T PyS;yPyS, PyS;PyS, Py Sy Py Sy

Al L a1
Y

"ome-= 8 ®
e " 9~

S RNA o

NP mRNA —

o LL ' .

wigm W=

w

o 100%

IS J

£ 80%-
§5 N
'g Z 60%- [l S RNA
=g e] 7

[ —
<2.: 3 40% 1 Il NP mRNA
T=

g 20%-

@ J

e 0%

P: ist  qstyond {st  qstyond
o-amanitin: — +

FIG. 7. Effect of a-amanitin treatment on capping of Lassa virus
mRNA. (A) IP of capped RNA. Vero cells were infected with Lassa
virus at a MOI of 1 and treated with 10 pg/ml a-amanitin. After 24 h,
total cellular RNA was prepared and capped RNA was immunopre-
cipitated in two successive rounds by using an antibody against m;G-
cap/m’G-cap structures. An unrelated antibody (anti-NP) was used as
a control. Precipitate and supernatant were subjected to Northern
blotting, and virus RNA was detected by using an NP gene-specific
probe. The methylene blue-stained 28S rRNA is shown below the blot
as a semiquantitative marker for gel loading and RNA transfer. T, total
RNA; P, pellet after first round of IP; S,, supernatant after first round
of IP; P,, pellet after second round of IP; S,, supernatant after second
round of IP. (B) Cumulative fractions of NP mRNA and S RNA
precipitated after the first and second rounds of IP. The fraction was
calculated based on the signal intensities on the blot shown in panel A
and the amount of material subjected to each round of IP.

abolished Ren-Luc expression. However, the vast majority of
these mutations affected both transcription and replication.
Expression analysis of completely defective mutants revealed
no evidence for destabilization of the protein, an effect that has
been reported for the N terminus of influenza PA (16). The
replicon system is quite robust to variability in intracellular L
protein levels. A 10-fold reduction in the amount of trans-
fected L protein expression construct was still associated with
high activity; only a 25-fold reduction was deleterious (see Fig.
S3 in the supplemental material). Thus, the drop in steady-
state level needed to render the replicon system inactive
should be clearly visible in the Western blot, even if one con-
siders that changes in protein stability may be masked to a
certain extent by the high levels of expression obtained with the
MVA-T7-based system.

Therefore, the mutations presumably affect enzymatic activ-
ities involved in both replication and transcription or interfere
with inter- or intramolecular interactions or structural integrity
important for the overall function of L protein. On the other
hand, it is surprising that nearly 25% of evolutionarily highly
conserved acidic and basic side chains are dispensable for
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FIG. 8. Similarity between L1 fragment of Lassa virus L protein (positions 77 to 145) and type IIs or nicking endonucleases. (A) Threading
analysis using mGenTHREADER (22) identified structural similarity of the L1 fragment with structure 2ewf of the nicking endonuclease
N.BspD6I (23). The alignment was extended to related type IIs and nicking endonucleases as well as further Old and New World arenaviruses.
Secondary structure elements in 2ewf (N.BspD6I) and 2p14 (R.BspD6I) and the predicted secondary structure of arenavirus L protein are shown,
respectively, above and below the alignment. Key catalytic residues of the endonucleases (Asp and Glu) (20, 23, 49) align with Asp-89 and Glu-102
of the L1 domain (highlighted in white on black background). An additional putative catalytic residue (His; marked with an asterisk) (23) aligns
with Lys-122 of L protein. (B) Three-dimensional model of the L1 fragment shown in panel A using the structure of N.BspD6I (23) as a template.
Modeling and ribbon drawing were performed with Pdb Viewer 3.7 (12). Side chains of residues relevant for mRNA but not antigenome synthesis

are shown.

function of L protein in the replicon context. The three K334A,
KS555A, and KS81A mutants showed even higher activity than
the wild type. Many residues with dispensable side chain such
as Glu-41, Lys-334, Lys-512, Lys-555, Lys-581, Arg-719, Glu-
728, and Glu-732 are located within highly conserved sequence
stretches. The function and reason for conservation of these
residues are not clear. They may play a role in processes not
covered by the replicon system: e.g., primary transcription,
packaging of RNPs into virions during assembly, or interaction
with cellular proteins not relevant in an in vitro overexpression
system.

The most interesting observation of this paper is the iden-
tification of seven residues in the N terminus of L protein,
Asp-89, Glu-102, Asp-119, Lys-122, Asp-129, Glu-180, and
Arg-185, which are specifically important for viral mRNA syn-
thesis. The phenotype was most clear for Asp-89, Glu-102, and
Asp-129, which are indispensable for transcription but can be
replaced by a variety of amino acid residues without affecting
viral genome replication. The finding that Asp-89 and Glu-102
cannot even be replaced by chemically closely related amino
acid residues without a more than 1-log decrease in activity (as
measured in luciferase units) suggests these residues are crit-
ically involved in catalysis or substrate binding. There are a
number of possibilities for the precise role of the N-terminal
part of L protein, the so-called conserved L1 domain (from
position 1 to around position 300), in viral mRNA synthesis.
The L1 domain may be a capping enzyme similar to that in

VSV L protein (39), a cap binding site similar to that found in
influenza virus PB2 (13), or an endonuclease similar to that in
influenza virus PA (4, 50). Finally, it is also conceivable that it
represents a 3'—5" exonuclease, as found in severe acute re-
spiratory syndrome coronavirus (SARS CoV) nspl4 (37),
which is able to process RNA to final products of some nucle-
otides that could serve as primers for mRNA synthesis.

To substantiate any of these hypotheses, we employed a
bioinformatics approach. The region encompassing residues
75 to 150 of the L1 domain was subjected to threading
analysis using a range of public servers. (“Threading” means
calculating the probability that the L1 domain may adopt
the fold of existing protein structures.) One analysis, with
mGenTHREADER (22), disclosed a remote “structural” sim-
ilarity between the L1 fragment and the catalytic site of type IIs
or nicking endonucleases, featuring a PD-E catalytic site motif
(23) (Fig. 8A). Most interestingly, the key catalytic residues
(Asp and Glu) of the endonucleases (20, 49) exactly corre-
spond to Asp-89 and Glu-102 of the L1 domain, while a histi-
dine assumed to be an additional catalytic residue (23) corre-
sponds to Lys-122. The obvious similarity at the primary and
secondary structure levels even facilitated three-dimensional
modeling (Pdb Viewer 3.7) (12) of the L1 fragment using the
structure of nicking endonuclease N.BspD6I (23) as a template
(Fig. 8B). In that model, Asp-89, Glu-102, Asp-119, and Lys-
122 are spatially close together, while Asp-129 is further apart.
The former residues may form a catalytic site, which is well
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consistent with the mutagenesis data demonstrating their rel-
evance for mRNA synthesis. Most recently, the structure of
influenza virus endonuclease in the N terminus of PA has been
solved (4, 50). This structure also resembles a type II endonu-
clease and shows a PD-E-K catalytic site motif. The folding
model of the L1 fragment corresponds to the folding of the
catalytic site of influenza virus endonuclease. In conclusion,
bioinformatics supports the hypothesis that the L1 domain
contains an endonuclease in analogy to the N terminus of
influenza virus PA.

Further data are in line with this hypothesis. Arena-, ortho-
myxo-, and bunyaviruses are phylogenetically related (47) and
share many features of the replication cycle. Like orthomyxo-
and bunyaviruses, for which cap snatching has been shown (5,
24, 40), the 5’ end of arenavirus mRNA contains a stretch of
nontemplated nucleotides (35, 42, 43) which may be derived
from cellular mRNA. Replication of the Junin and Tacaribe
arenaviruses is strongly inhibited by depleting the cellular
mRNA pool with a-amanitin, while replication of VSV, which
expresses capping enzymes, is not affected at all (33, 34, 39).
We have shown that a-amanitin also inhibits replication of
Lassa virus and Mopeia virus and that virus mRNA synthesis is
particularly sensitive to treatment. The virus mRNA level was
specifically reduced by 60% compared to the antigenome level,
suggesting that downregulation of viral mRNA and gene ex-
pression is at least partially responsible for the 2-log reduction
in virus titer. This is consistent with the hypothesis that cap
structures of host cell nRNAs are a substrate for virus mRNA
synthesis. However, it cannot be excluded that inhibition of Pol
II-mediated transcription results in inhibition of host cell genes
required for one or several activities associated with the func-
tion of the Lassa virus polymerase. We also tested if the frac-
tion of viral mRNA (i.e., RNA species terminating in the
intergenic region) containing cap structures decreases when
the cap pool is depleted by a-amanitin. The IP experiments
clearly show that the fractions of capped virus mRNA in
treated and nontreated cells are identical (about 85%). As-
suming a cap-snatching mechanism, this result suggests that
transcription initiation via a capped primer is a prerequisite for
mRNA synthesis.

In conclusion, this paper demonstrates that the L1 domain
of Lassa virus contains residues that are critically involved in
mRNA, but not antigenome, synthesis. Bioinformatics and cell
biological experiments lend support to the hypothesis that
these residues could be part of the catalytic site of an endo-
nuclease. Structural and biochemical data are required to
prove this hypothesis.
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